SINCE their introduction by Lopez and co- workers,' paired electrical stimulation and coupled pacing of the heart have been investigated intensively and have been shown to be useful in slowing the effective mechanical rate of the heart or in causing sustained potentiation of cardiac contraction or for both. A recent symposium on this subject provides an excellent review. 2 The techniques, in essence, consist of electrically stimulating the heart shortly after the termination of the effective absolute refractory period of each previous spontaneously or electrically driven beat. These stimuli cause an artificial bigeminal rhythm, the second member of each pair being mechanically ineffective.
In paired stimulation (PS) both the mechanically effective beat and the coupled extrasystole are pacemaker induced, while in coupled pacing (CP) a spontaneous depolarization is permitted to occur and only the extrasystole, triggered by the preceding R wave, is artificially induced. [3] [4] [5] Each extrasystole produced by either of these methods possesses a refractory period of its own and thus causes a doubling of the myocardial refractory period to other stimuli. This lengthened refractory period can be utilized to control tachycardias.' 6 In addition, the introduction of such extrasystoles causes Circulation, Volume XXXIV, November 1966 toles to each effective beat, a sustained potentiation of considerable magnitude is achieved. [5] [6] [7] [8] Atrial PS involves stimulation of the atria.3 4 Although an atrial bigeminal rhythm is produced, the second of each pair of depolarizations often fails to traverse the refractory atrioventricular (A-V) node, and ventricular bigemini need not occur. Certain atrial tachycardias can be controlled by this technique, but atrial PS or CP is, in general, not useful in controlling tachycardias that originate in the A-V conduction system or the ventricles.
Ventricular CP or PS involves stimulation of the ventricles. Effective control of atrial, conduction system, or ventricular tachycardias can be achieved, but such control is invariably accompanied by the production of mechanical extrasystoles which, ideally, are virtually ineffective. 9 In certain circumstances the coupled or paired stimulus cannot be made to produce a satisfactorily minimal mechanical contraction and the benefit of ventricular CP When the stimulus strength was increased to 25 v, stimuli at coupling intervals of 138 msec or less still failed to produce a ventricular depolarization but caused a significant delay of the next spontaneously conducted depolarization and thus a significant prolongation of the cardiac cycle ( fig. 1 ). When such stimuli were repetitively introduced after each spontaneous depolarization in a manner analagous to that of CP, a reduction in ventricular rate resulted without accompanying coupled extrasystolic ventricular depolarizations. This technique we have called "coupled concealed pacing" (see "Discussion").
A graded and direct relationship existed between the length of the coupling interval and the length of the ensuing R-R interval ( fig.   2 ). Thus, the average ventricular rate was slowest (longest cardiac cycles) when the coupling interval was the longest one capable of eliciting this type of response (138 msec;  line c, table 1) .
Not all 25 v stimuli at coupling intervals of 138 msec or less failed to produce a ventricular response. This effect could be elicited approximately 90% of the time. Ten per cent of the stimuli were conducted to the ventricles and produced a markedly aberrant ventricular complex characterized by a prolonged latency which varied from 160 to 230 msec ( fig. 3 ). These conducted beats were associated with a cardiac contraction detected by palpation and auscultation of the precordium (line e, table 1).
Catheter position was checked frequently while the patient was undergoing CCP, and it can be stated that CCP was possible whenever the catheter tip was within the right ventricle and was not possible whenever the catheter tip was known to be within the right atrium.
At a time when CCP was possible, a single unipolar electrocardiogram taken from each of the pacemaker wires revealed one electrode to be lying against the ventricular myocardium and the other to be free in the right ventricular cavity.
Discussion
This patient underwent 7 days of CCP, 17 days of conventional CP, and 4 days of PS. This total of 28 days represents the longest period of continuous CP or PS reported to Figure 1 Electrocardiogram, lead I. Coupled concealed pacing with a stimulus of 25 v at a coupling interval of 138 msec. The first four QRS complexes were followed by a pacing stimulus, which was then turned of. The ventricular rate rose from 85 to 180 per minute. When pacing was resumed 4 sec later, the ventricular rate again fell to 85 per minute. With the resumption of pacing, the second pacemaker artifact was followed by a conducted extrasystole. date. Although measurements of cardiac output, venous pressure, or direct arterial pressure were not undertaken, it was clear that the patient derived a great deal of benefit from its use, as detailed in the case report.
The primary purpose of this paper, however, is to report the electrophysiological phenomenon which is the basis for the technique which we have termed "coupled concealed pacing." The technique produced a marked slowing of the ventricular rate in atrial fibrillation in response to repetitive intracavitary ventricular pacing stimuli, each coupled to the preceding R wave and occurring during the effective ventricular refractory period. These stimuli elicited neither a meCirculation, Volume XXXIV, November 1966 chanical nor a propagated electrical ventricular response ( fig. 1) .
The observation of cardiac cycle prolongation (and, therefore, of production of a prolonged refractory period in some portion of the conduction system) without electrocardiographically discernible depolarization suggests that concealed conduction was occurring.
The concept of concealed conduction was introduced by Langendorf13 to describe a local conduction delay or complete failure of propagation of an electrical impulse in the A-V node caused by a preceding atrial impulse which failed to propagate to the ventricles or a ventricular impulse which failed to propagate to the atria. A number of effects in- cluding some of the mechanisms responsible for the rate reduction obtained with atrial CP or PS can be attributed to concealed A-V nodal conduction; they are discussed and demonstrated in human electrocardiograms in a recent paper by Langendorf and associates.14 In addition, studies on single cardiac fibers have shown that concealed conduction can take place wherever there is a junction of two fibers whose action potentials differ in duration. Such differences do exist at the junction of A-V nodal and bundle of His fibers, bundle of His and bundle-branch fibers, bundle-branch and peripheral Purkinje fibers, and Purkinje fibers and papillary muscle. '5'16 In the dog heart, the duration of refractoriness (action potential) increases progressively at these respective junctions, and in the in situ dog and rabbit heart, Hoffman and associates17 have shown that concealed conduction with failure of propagation of premature impulses can, in fact, occur at such junctions.
We propose, in our patient, that (1) the primary locus of excitation of the coupled stimulus was the bundle of His or a bundle branch; (2) antegrade concealed conduction was occurring with block in the peripheral conduction system (to account for the lack of an observable depolarization); and (3) retrograde concealed conduction was occurring in the A-V node (as evidenced by the cardiac cycle prolongation). These conclusions are supported by the following considerations:
If it is assumed that in this patient conduction time between the bundle of His or bundle branch and the ventricular musculature was somewhat prolonged8' 19 so that the coupled stimulus found the bundle of His or bundle branch excitable, but not the ventricular muscle, the coupled stimulus could have caused a depolarization of the infranodal conduction system with subsequent concealed conduction and block at a more distal site. The presence of occasional conduction of the depolarization to the ventricles ( fig. 3 ) with greatly prolonged latency supports the interpretation that the ventricular myocardium could not be stimulated directly at this time, but only via the conduction system after a delay.
Two other possible sites for the depolarization by the coupled stimulus should be considered, but seem far less likely. It is possible that despite the presence of atrial fibrillation Circulation, Volume XXXIV, November 1966 there existed about the atrial margin of the node a sufficient number of adequately repolarized atrial fibers so that the stimulus could have caused depolarization there. The impulse could then have propagated into the node, undergone concealed conduction and block, and could have caused a prolonged A-V nodal refractory period. Because of the chaotic state of the atria in atrial fibrillation, however, one would not expect that a sufficient number of atrial fibers about the node would be available for depolarization at any given instant as predictably as the phenomenon itself was observed.
It is unlikely that the coupled stimulus excited the A-V node directly causing concealed conduction, since A-V nodal depolarization cannot be produced in the experimental animal by direct stimulation under conditions similar to those in our patient. (Personal communication, B. F. Hoffman.)
The depolarization induced in the bundle of His or a bundle branch by the coupled stimulus would be expected to propagate in a retrograde fashion as well as in an antegrade one, and to undergo concealed conduction and block in the A-V node. The next spontaneous ventricular beat would then be delayed and the observable cardiac cycle prolonged because the next supraventricular impulse which would normally have traversed the A-V node would be blocked as a result of refractoriness in the lower part of the node occasioned by this retrograde concealed conduction. The depth of retrograde penetration of the A-V node by the coupled depolarization would vary directly with the length of the coupling interval and would thus account for the observed graded relationship between the length of the R-R interval and the coupling interval. '4 Although the electrophysiological phenomenon which underlies CCP appears to depend upon the fundamental electrical properties of the cardiac conduction system, it is possible that the particular combination of refractory periods and conduction times necessary for Circulation, Volume XXXIV, November 1966 simultaneous retrograde and antegrade concealed conduction would be met in only a few patients.
CCP as used in this patient carries a greater theoretical risk of ventricular fibrillation than does conventional CP or PS. To achieve maximum reduction of rate by the coupled stimulus, it is caused to fall in or near the vulnerable period for ventricular fibrillation in the cardiac cycle. Since the risk of fibrillation is greater with stronger stimuli, it has been suggested8' 20 that stimulus strength not exceed twice diastolic threshold. The stimulus necessary to produce coupled concealed pacing in our patient was five to The long-term effects of this technique and of conventional coupled pacing and paired stimulation in this patient are also reported.
